The dentin-enamel junction constitutes a unique boundary between two highly mineralized tissues with very different matrix composition and physical properties. The nature of the boundary between the ectoderm-derived enamel and mesoderm-derived dentin is not known. This study was undertaken to identify the presence, type, and distribution of collagen at the dentin-enamel junction as an initial step in understanding its structural-functional role in dental occlusion. Sections of human teeth were demineralized with 0.1 M neutral EDTA and examined by high-resolution fieldemission scanning electron microscopy at low accelerating voltage. Enamel and dentin were observed to be linked by many parallel 80-120-nm diameter fibrils, which were inserted directly into the enamel mineral and also merged with 16.
Introduction
The coronal portion of the tooth can be regarded in part as a biomechanical complex of two major tissues, enamel and dentin. Much has been written on the structural features of these two tissues, which although highly mineralized are quite different. Junctional zones between tissues with widely different physical properties present complicated problems for investigators in the areas of specimen preparation, and for the rationalization of the biological role of the junctional area. This is especially true for the dentin-enamel junction (DEJ), which serves as the boundary between two tissues that are markedly different in fluid and protein content, the degree of mineralization, and resultant biomechanical properties. Early morphological descriptions of the junction between enamel and dentin were first reported by Fraenkel (6) , and later the DEJ was described as having either a festooned appearance (21) or a scalloped outline (18). More recent studies have emphasized the scalloped contour of the DEJ as providing a broader surface for attachment and enhancement of adhesion (4,7). However, beyond these the interwoven fibrillar network of the dentin matrix. Immunogold labeling for collagen was visualized by secondary electron imaging and backscatter electron imaging at low accelerating voltage. The collagen fibrils at the junctional zone as well as in the dentin matrix were identified as Type I collagen. Collagenase digestion led to loss of the fibrillar structures and prevented immunogold labeling with antibody specific to Type I collagen. Consequently, the dentinenamel junction can be regarded as a fibril-reinforced bond which is mineralized to a moderate degree. broad generalities there is no agreed description in detail of either morphology or function of the scalloped form of the DEJ (11,12,26).
Enamel, of ectodermal origin, is in close apposition to dentin of mesodermal origin, and such interactions between apposing hard tissues of different origin elicit considerable interest. Kramer (8) observed decalcified teeth under the light microscope and described a narrow zone of dentin immediately beneath the enamel which had been dissolved away and in which the collagen fibrils were arranged at right angles to the dentin surface. Ronnholm (17) observed the amelogenesis in 12 human fetal teeth by transmission electron microscopy, and stated that at the surface of the dentin a few unmineralized collagen fibrils appeared between the ameloblasts. However, the origin, presence, and significance of these collagen fibrils, which might represent the so-called von Korff fibers (24), have long been debated (3,9,27). Ten Cate et al. (20) even suggested that the silver staining, corkscrew appearance, and fanlike course of von Korff fibers might be artifactual.
In the present study we have attempted to investigate the presence and distribution of collagen fibrils at the DEJ and to determine their three-dimension spatial organization with highresolution field-emission scanning electron microscopy (FESEM) with secondary electron imaging (SEI) operated at low voltage (1415). We also used high-resolution backscatter electron imaging (BEI) with a modified single-crystal (YAG-Ce) detector (2,5), to-gether with immunogold staining and collagenase digestion, to investigate the types of collagen at the DEJ.
Materials and Methods
Non-carious human permanent pre-molars (extracted for orthodontic reasons) and third molars were used. The roots of each tooth were removed apical to the cementum-enamel junction by using a water-cooled tung sten carbide bur in a high-speed handpiece. Crowns were further grooved in the mid-mesio-distal plane and subsequently split into buccal and lingual halves. Each half crown was sliced 0.8 mm thick longitudinally and transversely by a thin low-speed diamond saw (0.012" thick) (ISOMET, Model 11-1180; Buehler, Lake Bluff, IL) with PBS, pH 7.4, as a coolant. After sectioning, each slice was then cut by a No. 15 Bard-Parker surgical blade into smaller chips containing DEJ to meet the requirements of specimen size for FESEM.
Specimens made in this way were assigned for morphological observation with different conditions of demineralization, collagenase digestion, or immunogold localization.
Morphological Observation with Different Conditions of D e m i n e dzation. The specimens assigned to t h i s group were demineralized with 0.1 M EDTA at pH 7.0 for 10 min, 30 min. 60 min, 90 min, and 120 min; the undemineralized specimens containing fracture surfaces were treated as a control. After further rinsing in PBS, the specimens were then fixed by 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 4 hr, followed by post-fixation in 0.1 M sodium cacodylate buffer containing 1% 0~0 4 , pH 7.4, for 1 hr. The specimens were dehydrated in an ascending ethanol series, and then critical point-dried by the CO2 method of Anderson (1) . After drying, the specimens were ion-sputtered to minimize charging with a thin platinum coating, estimated at 1-2 nm in thickness, using a single-gun, argon ion beam sputterer (Model 705; VCR Group, San Francisco, CA) operated at 4 mA at an accelerating voltage of 10 keV for 6 min. High resolution SEM was performed at 1.5 keV with a Hitachi S-900 FESEM. Stereographic imaging was performed at an 8' tilt to produce stereo pairs with 4 x 5 Polaroid type 52 film.
Collagenase Digestion. The specimens assigned to this group were demineralized by 0.1 M EDTA (pH 7) for 90 min, followed by rinsing in 0.05 M Tris-buffered saline. These specimens were subsequently digested either in (a) Type I1 collagenase (Sigma; St Louis, MO) in 0.05 M Tris-buffered saline at a concentration of 1 mglml, pH 7.4, for 12 hr at 37'C, or in (b) purified collagenase (Form 111; Advanced Biofactures, S. Lynbrook, NY) in 0.05 M Tris and 0.01 M calcium acetate-buffered saline at a concentration of 0.069 mg/ml, pH 7.2, for 22 hr at 37%. After rinsing in 0.05 M Tris-buffered saline, the specimens were subjected to fixation, dehydration, and preparation for FESEM as described above.
Immunogold Localization. The specimens assigned to this group were demineralized by 0.1 M EDTA (pH 7) for 90 min and then rinsed with PBS, pH 7.4, containing 2% normal sheep serum (PBS-NSS) and 0.1% Tween-20 (polyoxyethylenesorbitan monolaurate) (Sigma). This was followed by incubation with rabbit polyclonal antibody (Chemicon; El Segundo, CA) either to collagen Type I (1:lOO) or to collagen Type III (1:lOO) for 60 min at room temperature. Controls employed included (a) substitution of PBS-NSS for specific rabbit polyclonal antibody, (b) digestion with purified collagenase in 0.05 M %is and 0.01 M calcium acetate-buffered saline at a concentration of 0.069 mg/ml, pH 7.2, for 22 hr at 37°C. (c) absorption of 1 ml(1:loO) anti-Type I collagen antibody with 50 pg human collagen (Chemicon) Type I (CC050) or type 111 (CC054). All specimens were then rinsed well with PBS, pH 7.4, containing 1% bovine serum albumin (PBS-BSA) for 30 min. followed by incubation with 20-nm or 12-nm goldconjugated anti-immunoglobulin antibodies (goat anti-rabbit IgG) (Jackson Immuno-Research Lab; Avondale, PA) for the same time period and at the same temperature as described in the primary antibody step.
After immunological staining the specimens were fxed in 3% glutaraldehyde buffered with PBS, pH 7.4, post-fixed by 1% 0~0 4 , dehydrated in an ethanol series, and then processed by CO2 critical point-drying. The specimens were then coated with platinum by ion sputtering and examined in a Hitachi s-900 FESEM operated at an accelerating voltage of 3.5 keV for SEI or BE1 with a modified single-crystal (YAG-Ce type) detector.
Results
Mild decalcification was essential for detailed study of the ultramicrostructure of the dentin-enamel junction. The chelating agent EDTA was used to remove superficial mineral and expose the underlying structure of the organic matrix (formerly calcified collagen fibrils). Results of serial decalcifying treatments showed that the optimal condition was obtained after 90-min decalcification by 0.1 M neutral EDTA, which exposed the underlying organic matrix of the junctional area and permitted visualization not only of the topographical spatial relationship of the DEJ but also of the exposed dentin junctional interface (Figures 1 and 2 ). In the undemineralized fracture specimens, as shown in Figure 3 , the general plane of the junction was clear enough, but the precise junctional boundary between the two highly mineralized tissues was obscured by hydroxyapatite crystals. The prism outlines of the innermost Figure 1 . Fibrillar structures (formerly calcified collagen fibrils) of the junctional area (asterisk) and adjacent dentin matrix were exposed after decalcification. Higher magnification of boxed area is shown in stereopair in Figure 5 . E, enamel; D, dentin. Original magnification x 3000. Bar = 3 pm. Figure 3 . The precise junctional boundary between the two highly mineralized tissues was obscured by hydroxyapatite crystals. The prism outlines of the innermost enamel area were indistinct, and the crystals adjacent to the junction were fewer and less well oriented than those in the remaining enamel. In some instances an occasional collagen fibril (arrowhead) can be seen in the junctional area (asterisk).
Original magnification x 25,000. Bar = 400 nm. enamel area were indistinct, and the crystals adjacent to the junction were fewer and less well oriented than those in the remaining enamel (Figure 4) .
Examination of the DEJ of Figure 2 in stereo at higher magnification ( Figure 5 ) revealed that collagen fibrils in the junctional area were either oriented parallel to each other and perpendicular to the plane of the junction, or converged towards enamel. The fibrils appeared to be inserted directly into the mineral phase of the enamel and on the dentin side of the junction merged into the fibrillar plexus of the dentin matrix. In contrast to these oriented collagen fibrils entering the enamel, the matrix of bulk dentin was seen to consist of an interwoven fibrillar array, in which the majority of fibrils appeared to be either parallel or at angles correspondingly less than 90" to the plane of the junction.
Examination of the interface between enamel and dentin at low magnification revealed closely arranged scallop-shaped outlines (Figure 1 ). Variation in shape and size of the scallops between and within specimens was observed. Figure 6 shows the exposed dentin surface of the DEJ, in which the adjacent enamel was eliminated by neutral 0.1 M EDTA for 60 min. The partially demineralized collagen bundles that were formerly calcified during enamel mineralization were observed. Furthermore, in the exposed dentin surface of the junctional area, in which the adjacent enamel was totally removed by a 90-min EDTA decalcification, several collagen fibrils that projected longitudinally from the dentin matrix seemed to converge to form a coarse collagen bundle 80-120 n m in diameter (Figure 7) . The floor of these coarse collagen bundles was associated with a dense collagenous network in the dentin matrix surrounding the base of the bundles, and formed the boundaries of craterlike depressions that can be termed "microscalloping" (Figure 8 ). This unique irregular interface is thought to be of importance in strengthening the bond between the two tissues.
Demineralization followed by collagenase digestion, with either unpurified or purified collagenase, almost completely removed the collagen fibrils in DEJ and bulk dentin ( Figure 9 ). The width of the junctional area that had been occupied by fibrils was variable, ranging from 2-10 pm, and seemed more porous and less mineralized than either enamel or bulk dentin. Although there was a cer-tain degree of intermingling in the crystals of the innermost enamel and the DEJ, the difference in size and orientation of the crystals of these two tissues still could be observed.
In many instances, collagen fibrils at the DEJ which had a crossbanding appearance with a periodicity of approximately 6OOA and were 80-120 nm in diameter (Figure lo) , extended across adjacent fibrils to form coarse fibrils. These coarse fibrils merged with fine fibrils from the dentin matrix and fanned out in an irregular manner towards the enamel. Concomitantly, the collagen fibrils in decalcified bulk dentin sh-d the same cross-banding appearance with a periodicity of 6OOA. but their diameters were approximately 30-50 nm and they did not exhibit any signs of bundle formation (Figure 11 ).
Successful immunogold labeling of collagen fibrils at the DEJ and the bulk dentin was obtained with either unabsorbed collagen Type I polyclonal antibody (Figure 12) or the collagen Type I antibody absorbed with human collagen Type 111. No specific staining of the fibrils was found in specimens using antibody to collagen Type 111. Demineralization followed by collagenase digestion removed collagen fibrils at the DEJ and the bulk dentin. As a consequence, no specific immunogold labeling for Type I collagen was detected in these collagenase-treated specimens (Figure 13 ). Absorption of collagen Type I antibody with human collagen Type I completely abolished the specific immunogold labeling of the collagen fibrils at the DEJ and bulk dentin ( Figure 14) . In addition, no specific immunolabeling of collagen fibrils at the DEJ or bulk dentin was seen in control specimens in which normal sheep serum was substituted for specific antibody to collagen Type I.
Owing to the increased secondary electron emission at 3.5 keV, the 20-nm gold particles could be identified by their shape and size, as shown in Figure 15 . This was further confirmed by visualiting the colloidal gold marker by atomic number contrast obtained through BE1 (Figure 16 ). Occasionally, observation of the immunolabeled surfaces of collagen fibrils by topographical contrast revealed the presence of some remaining adherent calcified particles resembling 20-nm immunogold particles. Because of their less intense BE1 signal, the small calcified partides could be easily distinguished from colloidal gold representing collagen localization. As a conseb Figure 6 . Low-voltage FESEM of the exposed dentin surface of the DEJ, in which the adjacent enamel was eliminated by neutral 0.1 M EDTA for 60 min. The partially demineralized collagen bundles (arrowheads), which were formerly calcified with enamel mineralization, wereobserved. E, enamel. Original magnification x 10.000. Bar = 1 pm. Figure 7 . Low-voltage FESEM of the exposed dentin surface of the DEJ, in which the adjacent enamel was eliminated by neutral 0.1 M EDTA for 90 min. Collagen fibrils seemed to converge to form a coarse collagen bundle towards the enamel. These coarse bundles associated with the interwoven dentin fibrils as the base created crater-like depressions or "microscallops" of the dentinal surfam. E, enamel. Original magnification x 10,000. Bar = 1 m. Figure 8 . Higher magnification of the collagen fibrils at the exposed dentin surface of the DEJ shown in Figure 7 . These convergent larger bundles, 80-120 nm in diameter, which were formerly inserted into the matrix of enamel, were oriented perpendicular to the junctional plane. An individual 'microscallop" is illustrated, which consists of four coarse, merged collagen bundles (asterisks). Original magnification x 50,000. Bar = 200 nm. Figure 15 ) and BE1 (Figure 16 ) of the decalcified DEJ immunostained with collagen Type I rabbit polyclonal antibody and goat anti-rabbit IgG coupled with 20-nm colloidal gold. lmmunogold could be detected over the collagen fibrils by topographical contrast generated by SEI (Figure 15 ). In many instances the 20-nm immunogold particles were not easily detected (arrows) and the remaining calcified particles could be mistaken for gold particles (arrowheads). Owing to the atomic number contrast of BE1 (Figure 16 ). the immunogold particles could easily be detected and were clearly distinguished from calcified particles. E, enamel. Original magnification x 100,000. Bar = 100 nm. quence, the BE1 seemed more useful for identification and localization of the immunogold staining than SEI, especially when the gold particles were associated with or attached to small mineral particles that obscured the topographic contrast of the gold particles (Figures 15 and 16 ).
Discussion
The "in-lens" FESEM operated at low accelerating voltage (1.5 keV instead of 15-20 keV for conventional SEM) permitted highresolution examination of the surface topography of collagen fibrils and the spatial relationship of the collagen fibril organization at the DEJ and in bulk dentin. The results of the present study demonstrated that the coarse bundles of collagen fibrils at the DEJ were oriented perpendicularly to the plane of the junctional area. At the enamel site of this interface, the fibrils projected directly into the mineral phase of the enamel, whereas at the dentin site they coursed longitudinally to merge into a transversely interwoven fine fibrillar network. Examination of collagen fibrils in the bulk dentin by high-resolution FESEM revealed closely packed collagen fibrils with diameters of 30-50 nm. These collagen fibrils showed crossbanding at approximately 600-A intervals, which was typical for collagen fibrils as seen in transmission electron microscopy (16). The coarse bundles of collagen fibrils (80-120 nm in diameter) at the DEJ, however, exhibited a similar cross-banding appearance, with a periodicity of 600 A In some instances these coarse collagen fibrils splayed out in a fan-like formation that terminated in the enamel matrix, which appeared to be similar to the "von Korff fibers'' described by Scott and Nylen (19) .
Localization of collagen at the DEJ was one of the objectives of the present study. Owing to the low accessibility of collagen in mineralized tissue, the use of chemical or enzymatic pre-treatments has been suggested to remove mineral and provide good antibody penetration (23) . In the present study, neutral EDTA was used successfully for removing hydroxyapatite to facilitate collagen staining of tooth specimens. From the results of serial treatment with EDTA, demineralization for 90 min removed only a superficial layer of mineral, without apparent distortion or disruption of the DEJ, and facilitated the immunogold labeling of Type I collagen fibrils in the junctional matrix. Under this optimal condition, gold particles bound to the surface structure of collagen fibrils were identified by increased secondary electron emission and the topographical contrast using SEI, and these results were confirmed by atomic number contrast with BEL However, at less than 60-min demineralization the spatial relationship of the collagen fibrils of the DEJ was difficult to determine.
Owing to the highly cross-linked nature of native collagen fibrils, early studies (22) claimed that it was necessary to combine collagenase with protease to facilitate the degradation of these cross-also notewwthy that there is a certain degree of hard-tissue bonding between enamel and dentin by crystal intermingling at the DEJ. The DEJ is less highly mineralized than either enamel or bulk dentin but, conversely, is richer than either in organic matrix. It may well be related to the first mineralized layer of dentin, referred to as "mantle dentin" (7, 10, 25) . One consequence of this is that the DEJ may be mechanically tougher than either enamel or dentin, which would make it effective in stopping the extension of enamel cracks initiated by either trauma or senile change.
It has been stated that the percentage of covalent cross-links between collagen molecules was predicted to increase rapidly with fibril diameter (up to 100 nm), and hence led to fibrils of greater tensile strength (13) . Furthermore, the orientation of the collagen fibrils is also important, since a parallel fibril assembly (fibril axis parallel to stress direction) would have a maximal efficiency of reinforcement. Accordingly, the DEJ possessing these kinds of nanostructure would be expected to demonstrate maximal resistance to tensile and shear stress. In addition, as identified in the present work, the scalloping (Figure 17b ), together with the interdigitation of hard tissues and the "microscalloping" interpenetration of collagen fibrils (Figure 17c ), means that the true interfacial area is much larger than the nominal interfacial area (Figure 17a ). The contribution to the increase in physical adhesiveness of the DEJ would be dependent on the nature and extent of nanostructural details. Collectively, this evidence supports the view that the interface at the DEJ is a major hard-tissue element contributing torhe biomechanical integrity of the crown of the tooth. Therefore, it is probably correct to regard the hard-tissue components of the tooth crown as a dentin-enamel complex. Such a complex would be effilinked fibrils. In the present study, demineralization with EDTA followed by incubation with purified collagenase removed a considerable of the collagen fibrils, Similar results were obtained with the use ofunpurified collagenase in both the DEJ and the bulk dentin. This demonstrated that purified collagenase alone intervention Of Other proteases, and permitted investigation Of the ter entering the enamel matrix, may be of importance in strengthening the bond cient at occlusal stress distribution throughout the crown, leading to a delocalization of stress intensity at the point of contact.
In summary, therefore, it can be stated that the DEJ can be regarded as a unique area of the crown of a tooth distinct from either the contiguous enamel or dentin. It was proven that Type I collagen was typical of the DEJ, which indicated that the uniqueness of the junction may be textural and structural rather than biochemical. This textural uniqueness of the DEJ consisted of a consolidation of the finer fibrils of the mesoderm-derived dentin network into a coarser fibril that traveled uninterrupted across the width of the DEJ and was embedded in the ectoderm-derived enamel. This consolidation of the junctional collagen gave rise to microscallops between neighboring coarse fibrils, which had the effect of increasing the effective surface area between the two main contiguous tissues. Consequently, we conclude that the DEJ can be regarded as a fibril-reinforced bond which is mineralized to a moderate degree. This is consonant with the biomechanical requirements of the high interfacial area, and provides for efficient stress transfer from enamel to dentin and resistance to the main tensile and shear cleavage forces developed during masticatory function.
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